The effect of long-term treatment with the bisphosphonate zoledronate on vertebral bone architecture was investigated in estrogen-deficient mature rats. 4-month-old rats were ovariectomized and development of cancellous osteopenia was assessed after 1 year. The change of bone architectural parameters was determined with a microtomographic instrument of high resolution.
Introduction
Bisphosphonate drugs are used to inhibit bone loss in a variety of clinical conditions with excessive bone resorbing activity (Fleisch, 1991; Papapoulos, 1992; Singer and Minoofar, 1995) . The heterocyclic bisphosphonate zoledronate is a newer member of the third generation bisphosphonates and is a highly potent inhibitor of osteoclastic activity with low toxicity (Green et al., 1994 Pataki et al., 1997) . In this study the bone preserving effects of zoledronate were studied in estrogen-depleted, mature rats.
Ovariectomy in rats is a widely used animal model for post-menopausal osteoporosis in humans (Frost and Jee, 1992; Kalu, 1991) . In this model, a rapid increase of bone turnover in the appendicular and axial skeleton follows ovariectomy resulting in a negative overall bone balance (Bagi et al., 1993; Dempster et al., 1995; Lane et al., 1998; Wronski et al., 1989a , Yoshida et al., 1991 . In vertebrae, cancellous osteopenia develops and continues unabated unless therapy is initiated (Mosekilde et al., 1993; Wronski et al., 1989b) . To investigate the preventive effect of zoledronate in this model, 4-month-old rats were ovariectomized (OVX) and treated once weekly s.c. for one year. Changes in bone architecture were monitored at the end of the study by microcomputed tomography.
High resolution microcomputed tomography (µCT) has only recently become commercially available. This technology allows 3-dimensional measurement of architectural parameters of bone in a non-destructive way (Delling et al., 1995; Rüegsegger et al., 1996; Uchiyama et al., 1997) . The data presented here show that the technique is suitable for the assessment of bone static morphometric parameters in rat vertebrae. A significant and dose-dependent inhibition of OVX-induced loss of vertebral cancellous bone was found with a once weekly subcutaneous (s.c.) zoledronate treatment.
Materials and Methods

Animal experiment
The animal experiment was conducted by AEA Technology Biomedical Research in Harwell, UK. In brief, 4-month-old female Sprague-Dawley rats were ovariectomized or sham operated under complete narcosis. Treatment with zoledronate (2-(imidazol-1-yl)-1-hydroxyethylidene-1,1-bisphosphonic acid, synthesized by Novartis, Basel, Switzerland) began immediately after M. Glatt Prevention of bone loss by bisphosphonate zoledronate ovariectomy on the same day as the operation. Zoledronate 0.3, 1.5 or 7.5 µg/kg dissolved in sterile saline (1 ml/kg) was injected (s.c.) once weekly for a period of 52 weeks. Sham operated controls and ovariectomized controls were injected with saline only. Animals were housed under standard laboratory conditions (temperature 21°C, humidity 55 %, 12 hour light/dark cycles). The rats had free access to tap water and were fed with a diet containing 0.71% calcium, 0.5% phosphorous and 600 IU/kg vitamin D 3 . Food consumption was recorded weekly for the sham group and this amount was then fed to the OVX rats over the following week. Body weight was also recorded at weekly intervals throughout the study. At the end of the study, animals were sacrificed by carbon dioxide asphyxiation and lumbar vertebrae (LV2) were dissected free of adherent tissue, fixed in 70% ethanol and stored at 4°C.
Microcomputed tomography
Lumbar vertebrae were placed longitudinally into sample holders of a microcomputer tomograph (µCT-20) of Scanco Medical, Bassersdorf, Switzerland (Rüegsegger et al., 1996) . The vertebrae were scanned perpendicularly to their longitudinal axis by a fixed X-ray fan beam (10 µm spot-size tube, 0.1 mA, 50 kVp) while the holder rotated along its axis. For 3-D data accumulation, the sample was moved incrementally along its axis after each turn. A total of 500 slices (1024 x 1024 pixel matrix per slice) of 13 mm thickness were determined, yielding a voxel size of 13 x 13 x 13 µm 3 . The resulting scan length of 6.5 mm was sufficiently long to cover the secondary spongiosa between both growth plates of the vertebrae. The innermost growth plate areas at both ends of vertebral bodies were used to position a core volume of interest for 3-D reconstruction (Fig. 1a,b) . A core of 1.3 x 1.3 x 1.3 µm 3 was evaluated (100 slices of 13 mm thickness) with the µCT software version 2.1b of Scanco Medical to determine parameters of bone morphometry. The spatial resolution with the given settings of the instrument was 24 µm; precision of repeated measurements was below 1%. In 2-D mode, Tb.Ar and Tb.Pm were derived from the binarized region of interest, Several factors might contribute to this effect: Very small bone structures, e.g., do not reach the critical threshold level and remain "invisible", or histological distortions during slide preparation cannot be sufficiently controlled. (c) Tb.Pm measurements correlate highly significantly between microtomography and histomorphometry. The outlier value (marked by an asterisk) has been included in the calculation. Without this outlier, r 2 would reach a value of 0.97, indicating an extremely good match. All data show means ± standard error of the mean, n = 10. show a mostly solid and interconnected trabecular framework. Trabecular thinning and fragmentation is evident in the OVX sample (center), whereas zoledronate treatment (right) preserved trabeculae and formed very dense, spongious bone between the growth plates (dotted arrows) and the bone laid down since treatment was initiated (solid arrows). Because of insufficient tomographic resolution this zone between arrows appears as a solid mass.
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Prevention of bone loss by bisphosphonate zoledronate whereas the other parameters were calculated according to the plate model of Parfitt et al., (1983 Parfitt et al., ( , 1987 : Tb.N = (1.199/2.000)(Tb.Pm/T.Ar); Tb.Th = (2.000/1.199)(Tb.Ar/Tb.Pm); Tb.Sp = (2.000/1.199)(T.Ar-Tb.Ar)/Tb.Pm, and TBPf = (Pm1-Pm2)/(Ar1-Ar2) according to Hahn et al. (1992) . In 3-D mode, TV, BV, Tb.N and BS were measured in the volume of interest, whereas Tb.Sp was calculated as (1-(BV/TV))/Tb.N (Rüegsegger et al., 1996; Goulet et al., 1994) . Table 1 lists the morphometric abbreviations used according to Parfitt et al. (1987) .
Cortical bone width (Ct.Wi) was determined in the center of vertebrae where the inner vertebral wall separates the foramen and spinal cord on the ventral side from the vertebral body (Fig. 1b) . The cortical width was measured manually with the software of Scanco Medical on the monitor at 5 positions per section. Histomorphometry 10 undecalcified vertebrae were embedded in methylmethacrylate and scanned in the µCT-20 before cutting in transversal direction with a Polycut S microtome (Leica, Wetzlar, Germany). Serial sections of 8 µm thickness were made and stained by von Kossa's method and counterstained with Ponceau's acid-fuchsin solution (Romeis, 1989) before mounting. Static parameters were quantified with a Quantimed 500-system (Leica Microsystems, Glattbrugg, Switzerland) for computerized image analysis connected to a DMRBE microscope (magnification x 260) with a videocamera and monitor system (Leica Microsystems). A software specially adapted for bone morphometry allows semi-automatic measurements of Tb.Ar, Tb.Pm, Tb.Th, Tb.N and Tb.Sp according to established methods (Parfitt et al., 1983; Mori et al., 1990) . Mean values of 3 consecutive sections were determined and compared to 3 matched sections made with the µCT-20 apparatus.
Statistics
Statistical calculations were computed with the program Prism 2.0, GraphPad Software, San Diego, California, USA. 1-way ANOVA followed by Dunnett's post test were used to calculate levels of significance (p). If variances were not homogenous, a non-parametric test (KruskalWallis test followed by Dunn test) was performed. In group comparisons sham-operated or zoledronate-treated groups were compared with ovariectomized control animals. Correlations: Coefficients of determination (r 2 ) and levels of significance were calculated according to Pearson with the same software package. 6-10 rat vertebrae were analyzed per group (see also the section Discussion with Reviewers).
Results
A microscopic and microtomographic section through a rat vertebral body are shown in Figure 1 . The resolution of the µCT-20 of 24 µm was sufficient to reveal the trabecular pattern of the specimens in such detail that it was possible to match corresponding histological sections with sufficient precision. However, undecalcified sections can be distorted during the sectioning and mounting processes (Lane and Ralis, 1983) . Small fractures parallel to the cutting knife are frequent and can disturb morphometric measurements. In Figure 1c , e.g., micro-cracks increased the total trabecular area of the histological section by 4.8%. The trabecular areas were therefore individually corrected for micro-cracks to minimize distortion of microscopic morphometric values before matching.
Matched microtomographic vertebral sections were then analyzed with varying threshold settings as shown in Figure 2a . Within the chosen range of thresholds, trabecular area declined nearly linearly with increasing threshold setting, whereas trabecular perimeter was much less affected. Therefore an optimal threshold value was calculated for 10 vertebrae to yield identical trabecular area for both histological and microtomographic measurements. These thresholds were averaged and the resulting mean threshold value was used for further determinations. With the average threshold value a highly significant positive correlation was found between histomorphometric and microtomographic determinations of bone area fraction (p<0.0001, r 2 =0.90) and trabecular perimeter determination (p<0.0011, r 2 = 0.76) (Fig. 2b, c ). An outlier value (marked by an arrow in Fig. 2c ) has been included in the calculation. The coefficient of determination would reach 0.97 without this outlier. Other static bone morphometric parameters such as Tb.N, Tb.Th and Tb.Sp depend on area and perimeter measurements, consequently these data also correlated between microtomographic and microscopic determinations (Tb.N: r 2 =0.76, p<0.001; Tb.Th: r 2 = 0.80, M. Glatt Prevention of bone loss by bisphosphonate zoledronate p<0.0005; Tb.Sp: r 2 = 0.70, p<0.0025). Trabecular bone is not evenly distributed throughout vertebrae. The posterior area shows generally higher trabecular density, whereas the lowest value is found in the anterior third (Fig. 3) . Ovariectomy leads to an generalized and significant bone loss characterized by a diminution of plate-like structures and a transition to more slender, rod-like structures (Fig. 4) . The curves of trabecular bone pattern factors (TBPf) and of BV/TV form a mirror image pattern underlining the transition to smaller structures with narrower surface curvatures in the central parts of the vertebral body (Fig. 3) . Ovariectomy further accentuates this pattern and shifts TBPf towards higher values indicative of smaller structures with more rounded forms like e.g. rods or bone spicules (Table 2, Fig. 4) . The vertebral bodies also showed in the ventral to dorsal direction of their central part a clear trend to less trabecular bone which was often detached from the cortical bone towards the foramen.
Mature 16 month old Sprague-Dawley rats have a naturally high percentage (35%) of vertebral trabecular bone (Fig. 4, 5a ). One year after ovariectomy, a reduction by 55% could be observed. This loss was prevented in a dosedependent way by a once weekly treatment with zoledronate for one year. A partial protection was achieved with 0.3 µg/kg, and with 1.5 µg/kg and 7.5 µg/kg full protection was evident that reached a plateau and no further increase could be observed at the highest dose. Trabecular number and thickness followed the same pattern (Table 2) . Conversely, trabecular separation, BS/BV and TBPf all increased following ovariectomy but remained at normal levels under zoledronate treatment (Fig. 5c, d and Table 2 ). In contrast to cancellous bone the vertebral cortical width was only slightly affected by ovariectomy and treatment with zoledronate prevented thinning and increased the cortical width above sham-treated controls (Fig. 5b) .
Discussion
Measurement of trabecular bone loss in estrogen-deprived rats has become a widely used method to determine effectiveness of potential new anti-osteoporotic compounds (Frost and Jee, 1992; Kalu, 1991) . Up to recently however, only histomorphometric methods have allowed a sufficiently detailed analysis of bone micro-architectural parameters in small rodents. With the advent of bench-top microtomographic instruments structural information can be obtained in a normal laboratory from unprocessed bone specimens with little or no preparatory work. Here we show that at the 2-D level, histomorphometric and microtomographic determinations can be matched by adjusting threshold levels of the latter such as to yield nearly identical values. This method has been used by others with good results (Uchiyama et al., 1997; Müller et al., 1998) . Nevertheless, our simple method to correct bone areas does not completely take into account artefactual distortions of histological slides [e.g., by shrinkage or compression during processing (Lane and Ralis, 1983) ] other than by micro-cracks and therefore may be inaccurate to some extent. The higher tissue density of rat bone in comparison to man (Aerssens et al., 1998) requires threshold adjustment for the µCT readings. Alternative methods of physical volume calibration such as micropyknometry could be used for small and complex porous bone samples from laboratory animals (Zou et al., 1997) .
The correlation between 2-D microtomographic and histomorphometric determinations of the parameter B.Ar (Fig. 2b, r 2 =0.90) was very similar to the corresponding value (r 2 = 0.90) published by Uchiyama et al., (1997) . Müller et al. (1998) Vertebral bone loss after ovariectomy is characterized by a significant reduction of trabecular bone volume and number, whereas trabecular thickness tends to be less affected (Lane et al., 1998; Wronski et al., 1989b; Mosekilde et al., 1993) . In this investigation, we found significant effects of estrogen depletion on all these parameters after a 1 year observation period. Zoledronate is an extremely potent inhibitor of osteoclastic bone resorption (Green et al., 1994) , 0.3 µg/kg/week partially, and 1.5 and 7.5 µg/ kg/week completely prevented bone loss following ovariectomy. Zoledronate treatment dose-dependently prevented the osteopenic effects of estrogen deficiency and had a prominent protective effect on trabecular thinning (Table 2) as can also be seen from the corresponding BS/ BV and TBPf values ( Fig. 5d and Table 2 ). TBPf is sensitive to transitions from plates to rods and high values indicate bone areas where plate fragmentation and fenestration are taking place (Amling et al., 1996) . Perforation of trabeculae and subsequent cavity enlargement by osteoclasts have been shown to be responsible for this loss of cancellous structural integrity (Abe et al., 1999) . Figures 3 and 4 illustrate bone distribution in the vertebral body along its axis and show a nadir in the central part where the oldest trabecular bone fraction is located. Ovariectomy leads to a generalized loss of about 50% in all parts of the vertebral body that is effectively counteracted by zoledronate.
The mode of action of bisphosphonates is not fully understood at the molecular level (Rodan, 1998) . It is clear, however, that zoledronate and other bisphosphonates block M. Glatt Prevention of bone loss by bisphosphonate zoledronate osteoclastic activity (Russell and Rogers, 1999) and thereby increase the primary spongiosa in growing bone. A very dense zone of mineralized cartilage septa, primary and secondary spongiosa adjacent to the growth plates can be observed if a sufficiently high dose is administered for a prolonged period of time (Pataki et al., 1997) . This phenomenon was also observed in our study: In Figure 4 the zoledronate-treated bone core shows the formation of an X-ray dense zone beneath both growth plates (marked by arrows) that is composed of very fine trabecular structures below the resolution of the µCT instrument. The accelerated bone turnover rate in estrogen-deficient rats (Grynpas et al., 1992; Kippo et al., 1997; Lepola et al., 1996; Wronski, 1991) is suppressed by bisphosphonates and markers of osteoclastic bone resorption are markedly reduced (Kippo et al., 1997; Lepola et al., 1996) . As a result, vertebrae of long-term treated animals maintain trabecular structures of higher mineralization (Grynpas et al., 1992) and higher mechanical strength against compressive forces compared to untreated sham-operated controls (Acito et al., 1994; Lepola et al., 1996) . The correlation of increased cancellous bone mass with increased mechanical strength in vertebrae of bisphosphonate treated animals (Katsumata et al., 1995; Lafage et al., 1995; Motoie et al., 1995; Toolan et al., 1992) suggests that zoledronate-induced augmentation of vertebral cancellous bone mass would also positively affect the mechanical properties of vertebrae in estrogen-deficient animals. The maintenance of vertebral cortical width would substantially add to this effect as it has been shown that the bone mineral density of the cortical shell correlates with the fracture load in compression tests (Haidekker et al., 1999) . Data corroborating this notion have been obtained in rats subjected to an identical treatment with zoledronate as used in this study and will be published elsewhere (Green et al., manuscript in preparation) .
